A major challenge with the use of quantum dots (QDs) for cellular imaging and biomolecular delivery is the attainment of QDs freely dispersed inside the cells. Conventional methods such as endocytosis, lipids based delivery and electroporation are associated with delivery of QDs in vesicles and/or as aggregates that are not monodispersed. In this study, we demonstrate a new technique for reversible permeabilization of cells to enable the introduction of freely dispersed QDs within the cytoplasm. Our approach combines osmosis driven fluid transport into cells achieved by creating a hypotonic environment and reversible permeabilization using low concentrations of cell permeabilization agents like Saponin. Our results confirm that highly efficient endocytosis-free intracellular delivery of QDs can be accomplished using this method. The best results were obtained when the cells were treated with 50 µg ml −1 Saponin in a hypotonic buffer at a 3:2 physiological buffer:DI water ratio for 5 min at 4 • C.
Introduction
Nanomaterials are comparable in size to various biomolecules (1-100 nm) and have unique properties such as enhanced electrical conductivity, increased chemical reactivity, and novel optical properties, making them attractive candidates for various biomedical applications [1] [2] [3] [4] . The size and optical properties of nanomaterials have been exploited to develop efficient tools for sub-cellular imaging and biomolecular delivery [5] . Traditional bimolecular delivery methods utilize plasmids, cationic polymers, lipids, and viruses which have inherent disadvantages such as degradation in physiological solutions and the need for complex conjugation techniques [6] [7] [8] . Quantum dots (QDs) are nanometer sized semiconductor crystals typically between 2 and 6 nm in diameter. QDs have high chemical and biochemical stability and their small size and large surface area allow simultaneous conjugation with multiple biomolecules. QDs also have several advantages over traditional fluorescent molecules (organic dyes) such as high resistance to photobleaching and tunable emission wavelengths based on the QD core diameter and composition, making them highly desirable for different biomedical applications as imaging agents and biomolecular delivery vehicles [9] . There is some concern regarding the cytotoxicity of QDs as they are made of heavy metal atoms like Cd, Hg, Pb and As. Several studies have investigated the toxicity of QDs by studying the release of Cd +2 ions, as these can bind to sulfhydryl groups present in many biomolecules like proteins and cause a decrease in the functionality of various sub-cellular organelles [10] . However, coating these QDs with ZnS shells virtually minimized the toxicity, indicating that the shell protects the release of the cadmium [11] . More recently, green chemistry based and non-cadmium based QDs have been synthesized for reduced toxicity in biomedical applications [12] .
Typically, the QDs are dispersed in aqueous buffer solutions and have been successfully functionalized with various biomolecules like DNA, proteins and antibodies for delivery applications [13] . However, a major challenge is the efficient intracellular delivery of monodispersed QDs-bioconjugates freely dispersed in the cytoplasm. Several methods have been developed for the delivery of QDs into cells including both biochemical methods such as endocytosis, pinocytosis, lipids and physical methods such as electroporation and micro/nanoinjection [5] . Thus far, there have been demonstrations of receptor mediated endocytosis for intracellular delivery; however the QDs remain trapped in the endocytic vesicles which are difficult to lyse, preventing their free diffusion within the cytoplasm [13, 14] . Quantum dots complexed within transfection agents such as cationic liposomes have been shown to be endocytosed and subsequently escape from the endosomes for free release into the cytoplasm [15] . Macropinocytosis has been used for delivering macromolecules into cells, following which osmotic lysis of pinocytic vesicles needs to be accomplished [16] . Courty et al demonstrated the delivery of QDs into live cells using a pinocytosis procedure [17] to detect intracellular movement of single molecular motors. Physical methods like electroporation have also been used to deliver large quantities of quantum dots into cells [15] . These methods though successful in delivery of QDs into the cellular cytoplasm, accomplish delivery of QDs as aggregates that are not monodisperse, limiting the utility of delivered QDs. Endocytosis delivered QDs are trapped in the vesicles, preventing the labeling of other intracellular components such as mitochondria or the nucleus. Delivery of QDs as aggregates restricts their subsequent trafficking such as translocation to the nucleus. Moreover, the biomolecule/antibody (to be delivered) attached to the QDs remains sequestered in the vesicles without it being free in the cytoplasm, thus making it unavailable for subsequent molecular recognition and thereby limiting its function. Aggregation of QDs not only affects their stability but also can result in quenching of the fluorescence emission and thus a loss of optical properties. The only technique that has been shown to accomplish uniform distribution of QDs into the cytosol or nucleus without endosomal trapping is microinjection [15, 18] . However this technique is a laborious and low throughput process accomplished by injecting one or few cells, which is a significant drawback for various applications [15, 18] . Hence, an efficient method to accomplish freely diffused QDs inside cells is needed for the labeling of cellular components as well as intracellular delivery of biomolecules.
In this study, we demonstrate a new technique for reversible permeabilization of live cells for delivery of QDs. To minimize the effect of the endocytotic internalization pathway of QDs, experiments were performed at 4 • C to minimize the energy available for endocytosis [19] . Our technique is based on creating a hypotonic environment outside the cells. Hypotonic exposure causes an influx of fluid into the cell due to the osmotic pressure gradient, which can be exploited to transport QDs along with the fluid into the cytoplasm of the cell. Our group and others have demonstrated that osmosis based methods can be used to transport fluids [20] [21] [22] and other macromolecules into cells [16, 23, 24] . To enhance the QDs' delivery and dispersion in the cells, a cell permeabilization agent was used in conjunction with the hypotonic exposure. Detergents are the most commonly used cell permeabilization agents and have been used for the intracellular delivery of biomolecules [25] . Triton X-100 has been successfully used to reversibly permeabilize live cells for delivery of optical contrast agents [26] . It was reported that for the treatment of cells with appropriate concentrations of Triton X-100, membrane permeabilization is reversible and membrane integrity typically restored after 24 h. The treatment of cells with low concentrations of digitonin was shown to selectively permeabilize the plasma membrane, leaving the nuclear envelope intact [27] . Pore forming bacterial toxins like streptolysin O, which temporarily permeabilizes the plasma membrane, have also been investigated for delivery of QDs [28] . However, the activity of streptolysis O is not stable and it is difficult to control. Saponin, a plant derived glycoside has also been used for the permeabilization of cells and for the introduction of peptides into the cells [29, 30] . It has been reported that when cells were treated with Saponin, there was minimal release of the intracellular macromolecules, minimal damage to the internal architecture and the protein synthesis remained at comparable levels to that of intact cells [31] . Saponins react with membranes rich in cholesterol such as the plasma membrane and the differential permeabilization of cells has been demonstrated [32] . Our approach is based on the use of Saponin at low concentrations.
Saponin permeabilization however allows bidirectional transport (i.e. into and out of the cell) which can compromise cellular processes via loss of vital intracellular molecular content. To ensure unidirectional transport into the cell, Saponin was used in conjunction with hypotonic exposure to enhance osmosis driven transport of QDs into the cell while minimizing leakage of intracellular contents out of the cell. This method was found to be extremely efficient in accomplishing endocytosis-free delivery of QDs into the cellular cytoplasm while maintaining cell viability. Further, the QDs within the cell were vesicle free and well dispersed within the cell and can be used for imaging and biomolecular delivery.
Materials and methods

Materials
Water soluble CdSe/ZnS core/shell QDs (emission ∼530 nm) were purchased from Ocean Nanotech, LLC. These QDs are a water soluble alloy of CdSe/ZnS core/shell with an amphiphilic polymer coating which in our case is a carboxylic acid group. The zeta potential of QDs is from −30 to −50 mV. Their organic layers consist of a monolayer of oleic acid/octadecylamine and a monolayer of carboxylic acid. The thickness of the total organic layers is about 4 nm. The hydrodynamic size of the QDs is about 20-25 nm. The carboxyl group was selected as it can be used for simple conjugation with several biomolecules. Saponin for reversible permeabilization experiments was purchased from Alfa Aesar and deionized water (DI) for the hypotonic experiments was obtained for a Milli-Q filtration system purchased from Millipore.
Cell culture
All experiments utilized a rat cardiomyocyte cell line, H9C2 (American Type Culture Collection). The H9C2 cells were cultured in Dulbecco's Modification of Eagle's Medium (DMEM) with 4.5 g l −1 glucose, L-glutamine, and sodium pyruvate (Fischer Scientific), 10% fetal bovine serum (FBS, Hyclone) and 1% antibiotics (penicillin and streptomycin, Mediatech). Cells were cultured on LabTek chambered cover glass (Fischer Scientific) and multi-well plates (BD Falcon) at a density of approximately 1.2 × 10 4 cells cm −2 . Trypsin EDTA (Mediatech) was used to detach the cells from the surface for flow cytometry (BD FACS Calibur) studies.
Reversible permeabilization using hypotonic buffer
H9C2 cells were seeded at a density of approximately 1.2 × 10 4 cells cm −2 and after 24 h the media was removed and washed twice with 1× phosphate buffered saline (PBS) for cell internalization studies. Hypotonic buffer solutions at three different ratios (1:1, 3:2, 1:3) were prepared by mixing S buffer (130 mM sucrose, 50 mM • C. Bright field and fluorescence images are obtained with 60× magnification using a Nikon A1 confocal system. KCl, 50 mM potassium acetate, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4) with DI water at the respective ratios. Cells were treated with QDs (∼10 nM) mixed in the three hypotonic solutions at a pH of around 7.4 for 2, 5 and 10 min at 4 • C on a rotary shaker. After each time point, the cell culture medium was removed from the wells via careful aspiration and the cells were washed twice with the respective hypotonic buffer solutions, once with 1× PBS and thoroughly washed with regular media. They were then incubated for 30-45 min at 37 • C for recovery.
Reversible permeabilization using Saponin in hypotonic buffer
Saponin solution was prepared at three different concentrations of 25, 50 and 75 µg ml −1 in a hypotonic buffer (3:2 ratio of buffer to DI water). Cells were treated with QDs (∼10 nM) mixed with the above hypotonic Saponin solutions for 2, 5 and 10 min at 4 • C on a rotary shaker. After each time point, the cells were washed twice with hypotonic S buffer (3:2 ratio) solution, once with 1× PBS and thoroughly washed with regular media. They were then incubated for 30-45 min at 37 • C for recovery. Control experiments were done by treating cells with and without QDs (10 nM) in 1× PBS for 10 min and without Saponin or hypotonic conditions. To confirm the cell permeabilization and internalization of the QDs, live cell imaging was carried out using confocal microscopy (Nikon A1 confocal system).
Evaluation of cell viability
Following hypotonic only and Saponin in hypotonic buffer treatments, reversible permeabilization was confirmed by evaluating cell viability using the Live/Dead viability/cytotoxicity kit (Invitrogen). Cells were cultured in a multi-well plate and the viability study was done following the instructions in the kit. Briefly, 6 µl of Calcein AM and 15 µl of ethidium homodimer were mixed well in 12 ml of 1× PBS for 15 min. After the recovery of the cells for 30-45 min from hypotonic and Saponin treatments, cells were treated with 400 µl of the prepared Calcein-ethidium homodimer solution and incubated at 37 • C for 30-45 min. Positive and negative control experiments were carried out where the cells were treated with Saponin without hypotonic conditions and without Saponin or hypotonic buffer respectively. The cells were then carefully washed as mentioned previously and were imaged under a fluorescent microscope (Nikon eclipse TE 2000-U). Live and dead cells were distinguished by the presence of intense uniform green fluorescence (excitation/emission (ex/em) ∼495 nm/∼515 nm) and bright red fluorescence (ex/em) ∼495 nm/∼635 nm) respectively.
Quantitative and qualitative analysis using fluorescence microscopy
All images for the hypotonic and Saponin experiments were obtained from a Nikon A1 confocal microscope and the brightness and contrast were equally readjusted for all the images in Adobe Photoshop. All the images for the cell viability assay were obtained from a Nikon eclipse TE 2000-U fluorescent microscope and were analyzed for the percentage of live and dead cells using Metamorph software. • C. Bright field and fluorescence images are obtained with 60× magnification using a Nikon A1 confocal system.
Results
Blocking endocytosis at 4 • C
Several studies have indicated that mammalian cells exposed to QDs at room temperature readily internalize QDs via endocytosis, whereas exposure at 4 • C inhibited endocytosis [33, 14] . Using H9C2 cells, a representative mammalian cell line, we evaluated the response to QDs delivered at both room temperature and 4 • C. Our results indicate that H9C2 cells readily internalize the QDs when they were incubated at room temperature while minimal uptake was observed when incubated at 4 • C ( figure 1 ). This suggests an energy dependent endocytosis pathway for the uptake of QDs at room temperature. Moreover, QDs were internalized as aggregates, as evident from the punctuated fluorescence, and were not well distributed in the cells ( figure 1) . Therefore, to ensure endocytosis-free delivery of QDs, all the QDs' internalization experiments were performed at 4 • C.
Reversible permeabilization using hypotonic buffer
Representative mammalian cells (H9C2 cell lines) were cultured for 24 h and then the cells were treated with QDs in different hypotonic buffer ratios (1:1, 3:2, 1:3) for 2, 5 and 10 min. The strong fluorescence of the QDs (emission ∼530 nm) was utilized for confirming the internalization and distribution in the cells. Since experiments were performed at 4 • C, the internalization of QDs occurs due to an osmotic loading method. Confocal microscopy was performed to image the QDs' internalized cells and to obtain figure 5(A) ). However, swelling of the cells was observed when a higher ratio buffer with DI was used and also for longer incubation times.
Reversible permeabilization using Saponin in hypotonic buffer
To evaluate if the use of Saponin in conjunction with hypotonic exposure improved the internalization and distribution of QDs in cells, H9C2 cells were loaded with QDs in hypotonic conditions in the presence of low concentrations of Saponin. H9C2 cells were cultured for 24 h prior to the permeabilization studies. The 3:2 buffer:DI water ratio was chosen as the preferred ratio for all experiments based on the intracellular distribution of QDs and the mean fluorescence intensity compared to other ratios. Cells were treated with three different concentrations of Saponin: 25, 50 and 75 µg ml −1 and cells were exposed for 2, 5 and 10 min. As described previously, confocal microscopy was performed to image the QDs internalized cells and obtain a qualitative estimate of distribution within the cells. Confocal microscopy was performed to image the cells with QDs when treated with 25 µg ml −1 (figure 6), 50 µg ml −1 (figure 7) Our results confirm that the QDs were well distributed within the cellular cytoplasm for all three conditions and showed a better distribution than with hypotonic exposure alone. Particularly, the 50 µg ml −1 concentration where cells were treated for 5 min (figures 7(C) and (D)) shows high QD internalization and uniform distribution of QDs within the cytoplasm in comparison to the other conditions. It was observed from confocal imaging that the use of Saponin in combination with hypotonic exposure enhanced the distribution of QDs in the cells, as is clearly evident from the diffused fluorescence emerging from inside the cells in the evaluation of cell viability using standard live-dead assays performed for the different Saponin concentrations of 25 µg ml −1 (figure 6), 50 µg ml −1 ( figure 7 ) and 75 µg ml −1 (figure 8) for 2 min, 5 min and 10 min respectively. Minimal cell death was observed as a consequence of treatment with different Saponin concentrations (25, 50 and 75 µg ml −1 ) for various incubation times (2, 5, 10 min) ( figure 5(B) ). Finally, to quantify the increased QD delivery efficiency that can be achieved with the use of Saponin, flow cytometry was used to estimate the mean fluorescence intensity (MFI) values for cells with internalized QDs using hypotonic buffer alone and with hypotonic buffer and Saponin, and the results were quantified. Results show cells with QDs internalized under a 3:2 buffer:DI water ratio and exposed for 5 min had a MFI value of 220 ± 15 (arbitrary units) whereas for the same conditions the addition of 50 µg ml −1 of Saponin resulted in a MFI value of 342 ± 31 (arbitrary units). 
Reversible permeabilization using Saponin in the absence of hypotonic buffer
To evaluate the role of hypotonic buffer conditions for effective reversible permeabilization, H9C2 cells were treated with Saponin in the absence of hypotonic buffer. The concentration of Saponin chosen for this study was 125 µg ml −1 . This concentration was higher than the concentrations used for the study with hypotonic buffer (25-75 µg ml −1 ), however, in the absence of hypotonic buffer lower concentrations of Saponin resulted in poor intracellular QD delivery (supplementary figure 1 available at stacks.iop. org/Nano/24/205101/mmedia). 125 µg ml −1 represents the lowest Saponin concentration where there was appreciable uptake of QDs in the cells. Cells alone without Saponin served as a negative control whereas 1 mg ml −1 Saponin served as a positive control. Phase contrast and fluorescence microscopy images of standard live-dead assays for cells treated at different concentrations of Saponin, 0 µg ml −1 (figures 9(A), (B)), 125 µg ml −1 (figures 9(C), (D)), and 1 mg ml −1 (figures 9(E), (F)) clearly show increased cell death following treatment with 125 µg ml −1 of Saponin in the absence of hypotonic buffer, which is comparable to the cell death seen with treatment with 1 mg ml −1 of Saponin. It can be observed from microscopy images that the cell membranes were irreversibly damaged during the process. Quantitative evaluation of the percentage of live (green) and dead (red) cells confirms increased cell death following Saponin treatment ( figure 9(G) ). 
Discussion
Intracellular delivery of nanomaterials like QDs can be used for applications such as sub-cellular imaging and for biomolecular transport to manipulate cell signaling mechanisms. Despite the availability of several approaches for the transport of QDs, the biggest problem remains their delivery, free of vesicles such that they are highly diffused in the cytoplasm. The only technique that has successfully accomplished highly dispersed vesicle-free delivery is microinjection. However, this technique is laborious and time consuming and accomplishes delivery one cell at a time. To overcome obstacles with currently available techniques we developed a method for the high throughput reversible permeabilization of live cells for the delivery of nanomaterials like QDs. This technique combines hypotonic exposure with low concentrations of a cell permeabilization agent such as Saponin to accomplish reversible permeabilization of cell membranes for nanoparticle delivery. Performing this protocol at 4 • C inhibits thermal energy dependent mechanisms like endocytosis and ensures that QD uptake is primarily due to the reversible permeabilization technique. Hypotonic exposure alone is sufficient for reversible permeabilization; however, in combination with Saponin treatment a more efficient and highly dispersed delivery of QDs is ensured. The mean fluorescence intensities are a measure of the number of QDs inside the cells while the fluorescence images compare the distribution of QDs within the cells. We determined experimentally that a 5 min exposure to QDs suspended in a 3:2 buffer to DI water ratio with 50 µg ml −1 Saponin produced the best dispersion of the internalized QDs within the cytoplasm. This protocol also maintains cell viability as can be verified from the live-dead assay. The viability study was done after 30-45 min, to be consistent with the amount of time between recovery and imaging the cells with internalized QDs. The cell viability study was carried out without QDs' loading as Calcein AM, which is used for labeling live cells, has an emission around 517 nm which would interfere with the QDs' fluorescence emission (∼530 nm). Moreover, we have observed that the cells loaded with QDs continued to divide and proliferate after several days without loss of viability.
The use of hypotonic conditions accomplishes two major functions. First, it creates an osmotic pressure gradient that drives fluid into the cell. During fluid transport, QDs in the fluid are also transported into the cells. Secondly, it ensures unidirectional transport into the cell. This is important because the cell has different biomolecules and metabolites that can diffuse out of the cell when openings are created, or via aquaporins (water channels) that can cause cell death or dysfunction. The problem with the loss of intracellular content is even more critical when used in conjunction with Saponin, as holes are created on the cell membrane. Therefore, maintaining the osmotic pressure gradient is important to ensure cell viability. The osmotic pressure gradient varies with time. After 5 min the extracellular and intracellular environments equilibrate, resulting in a reduction in fluid transport into the cell and diffusion occurs both into and out of the cells. This explains why the 10 min exposure time does not significantly enhance the number of internalized QDs, as seen from the mean fluorescence intensities from flow cytometric analysis. To demonstrate the role of the hypotonic environment in maintaining cell viability, experiments were performed with Saponin in the absence of a hypotonic environment. The low concentrations of Saponin used without hypotonic buffer (25-75 µg ml −1 ) did not result in a significant uptake of QDs and therefore the cell viability data was not included as this does not represent a viable condition for QD delivery. Only when the concentration of Saponin was raised to 125 µg ml −1 were an appreciable number of QDs internalized by cells. Live-dead assays performed after exposure for 5 min at a Saponin concentration of 125 µg ml −1 showed that a majority of the cells were dead, which could possibly be due to the leakage of vital intracellular contents out of the cell in the absence of an osmotic pressure gradient across the membrane. This technique is highly efficient for the delivery of QDs free in the cellular cytoplasm and does not compromise the viability of the cells. Though all experiments were performed using adherent cells, the technique is applicable for cells in suspension. This technique limits delivery to the cytoplasm and does not accomplish nuclear localization of QDs as the osmotic pressure gradient is across the cell membrane and Saponin only targets cholesterol rich membranes. Specifically, our technique is clearly applicable in in vitro studies where the tracking of a sub-cellular protein or the labeling of individual cellular components is intended. The osmotic loading of QDs is applicable in in vivo studies such as labeling of blood leukocytes by selective lysis of red blood cells. Thus our technique has wide applications in the delivery of QDs into cells for applications such as imaging and biomolecular delivery. Furthermore, this technique can potentially be extended to the delivery of various other nanomaterials and also biomolecules into live cells.
Summary
In conclusion, we developed a new technique that addresses common problems associated with nanomaterial delivery into cells such as confinement in vesicles and delivery as aggregates. This technique combines the use of a hypotonic buffer in conjunction with low concentrations of a cell permeabilization agent, Saponin to accomplish reversible permeabilization of cells for delivery of QDs. This technique is comparable to microinjection techniques that have been shown to have the highest success in intracellular QD delivery but at a significantly higher throughput. Moreover cell viability following this protocol is high and cells survive in culture for extended periods of time and undergo cell division. This technique has great potential for the delivery of QDs for both imaging and biomolecular delivery applications.
